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There is indirect evidence from previous studies that the physiological responses to a liquid test meal may differ from those seen after consumption of a solid meal. The aim of the present study was to determine the metabolic and cardiovascular responses to isoenergetic high-carbohydrate mixed nutrient liquid or solid test meals, providing 2.1 MJ (approximately 70% of which was from carbohydrate), in eight healthy men following an overnight fast. Metabolic rate increased significantly after both meals (P < 0.0001, time effect), but the increase was significantly greater after the solid than after the liquid test meal (0.40 (SE 0.14) , 0.26 (SE O.lO)kl/min respectively, P = 0.001). The respiratory exchange ratio increased significantly after both the liquid and solid test meals, with no significant differences between them. Forearm blood flow increased significantly after the liquid test meal (0.70 (SE 0~33)m1/100ml per min, P < 0.0001), whilst it decreased after the solid meal (-0.28 (SE 0.16)m1/100ml per min, P <0.0001). Heart rate increased on both occasions, but the response was significantly greater after the solid meal (P = 0.02). There were no significant plasma noradrenaline responses, but there were significantly higher increases in serum insulin and blood glucose following the solid meal. Thus, the physical form of a test meal affects the physiological responses to nutrient ingestion.
Metabolic responses: Cardiovascular responses: Liquid/solid test meal
Ingestion of food is associated with an increase in metabolic rate (MR) and changes in cardiovascular variables such as heart rate (HR) and forearm blood flow (FBF). Pure carbohydrate (glucose), and mixed nutrient test drink/meals, have been used to assess these metabolic and cardiovascular responses with varying results (Welle et al. 1980 (Welle et al. , 1981 Acheson et al. 1984; Mansell & Macdonald, 1988; Segal et al. 1990; Sidery et al. 1990 ). Robinson & York (1988) reported a greater MR response to a solid than to a liquid meal following an overnight fast in both smokers and non-smoking healthy subjects. HR and FBF are increased following ingestion of a glucose drink (Sidery et al. 1990 ), whereas FBF falls after a mixed nutrient solid meal (Sidery et al. 1991 (Sidery et al. , 1993 Sidery & Macdonald, 19941 , although others have reported a tendency for it to increase (Vaz et al. 1995) . Similarly, calf blood flow was decreased after solid food whereas after a liquid mixed nutrient meal it rose significantly in normal and underfed women (Mansell & Macdonald, 1988) .
The drawback of these previous studies is that they either used a single nutrient (i.e. glucose), did not assess the overall physiological responses, or did not compare liquid and solid test meals directly. The present study was designed to assess whether the use of a liquid test meal would produce different physiological responses to those seen after consumption of a solid meal. As many of the cardiovascular responses are greater after a high-carbohydrate mixed nutrient meal than after a high-fat meal , the present study compared isoenergetic liquid and solid test meals.
Methods
Eight healthy men, aged between 16 and 28 years, with mean BMI of 23.5 (SE 1.8) kg/m2 volunteered to take part in this study, which had Ethical Committee approval. The subjects were asked to do their normal daily activities and to keep to their normal daily food intake before each visit. Each subject attended on two occasions at least 2 d apart between 08.30 and 09.00 hours after an overnight fast. The study was conducted at a controlled room temperture (25-26"), and subjects wore light clothing.
During the first 10min after arrival, the subject rested supine, and a retrograde venous cannula was inserted into the left hand under local anaesthesia, for arterializedvenous blood sampling (McGuire et al. 1976) , and the hand was then placed in a heated-air box for the remainder of the experiment. Saline (150mmol/l) was infused to keep the cannula patent. Blood samples (10 ml) were taken every 15 min for the first 0-5 h baseline measurements, then every 30 min following test-meal ingestion for the following 2 h. These samples were used for the subsequent measurements of blood glucose, serum insulin and plasma catecholamine concentrations. MR and respiratory exchange ratio (RER) were assessed by indirect calorimetry, using a ventilated canopy system (Fellows & Macdonald, 1985) . MR was calculated automatically on the basis of the Weir (1949) equation. MR and RER were measured continuously, with interruption of data for 2min every 30min for measurement of room air and output of results. FBF was measured by venous-occlusion plethysmography (Greenfield et al. 1963 ) with a Hg-in-rubber strain gauge (Whitney, 1953) every 15 min. HR and blood pressure were measured by automatic oscillometry (Accutor, Datascope, Paramus, NJ, USA) every 15 min.
Arterialized-venous blood samples were taken for measurement of glucose, insulin and catecholamine concentrations. Blood glucose was measured immediately (YSI 23 AM; Yellow Springs, OH, USA) and the remainder of the sample was separated into two portions. One part was allowed to clot before the serum was removed for storage at -80" until measurement of insulin. The other was heparinized and centrifuged and the plasma separated. Plasma (3ml) was mixed with 75 pl ethylene glycol tetraacetic acid-glutathione (antioxidant) before storage at -80" for later analysis of plasma adrenaline and noradrenaline concentrations using HPLC with electrochemical detection (Macdonald & Lake, 1985) .
Following 30 min of baseline measurements, either a high-carbohydrate mixed nutrient liquid meal (2.1 MJ, of which 15 % was protein, 18 % fat and 67 % carbohydrate), or a comparable solid meal (2.1MJ, of which 13% was protein, 16 % fat and 71 % carbohydrate) was consumed. The liquid meal consisted of semi-skimmed milk (250 ml), glucose polymer (70 ml; Polycal; Nutricia, Bornen, Belgium), a powdered protein (45 g; Build-up; NestlC, Vevey, Switzerland) and double cream (20ml), while the solid meal consisted of cereal (Special K (40g), Kellogg's, Manchester, UK), semi-skimmed milk (180 ml), toasted white bread (60 g), jam (30 g), butter (5 g) and white sugar (6 g). Both test meals were served at room temperature and completed in 10min. The order of meal ingestion was random between visits and subjects, and no additional fluid was given after either meal.
Statistical analysis
Baseline measurements for the two visits were compared by Student's paired t test. Repeated measures two-way ANOVA was used to compare the responses following the two meal forms. To assess the response to each test meal separately, one-way ANOVA was used. A P value of less than 0.05 was taken as significant.
Results

Metabolic rate and respiratory exchange ratio (Fig. I )
Baseline MR values were not significantly different at the two visits (4.85 (SE 0.27) kJ/min before the liquid, and 4.96 (SE 0.26) kJ/min before the solid test meal). Following the test meal, MR increased significantly (time effect, P < 0.0001). The response was significantly greater after the solid meal (P=O.OOl), with a mean response of 0.40 (SE 0.14) kJ/min over the 2 h after the solid test meal and 0.26 (SE O.lO)kJ/min after the liquid test meal.
Baseline RER values were not significantly different (0.85 (SE 0.01) for both visits). RER increased similarly after ingestion of the liquid and solid meals (time effect, P < O~OOOl), with a mean response of 0.07 (SE 0.02) over the 2 h on both occasions.
Cardiovascular responses (Fig. 2 )
Baseline HR was similar before the liquid and solid meals (64 (SE 4), 60 (SE 2) beats/min respectively). HR increased significantly following the solid and liquid meals (time effect, P = O.OOl), and the increase was significantly greater after the solid meal (meal effect, P=O.O2), with mean increases of 6 (SE 2) and 4 (SE 2) beats/min over the 2 h. Baseline diastolic and systolic blood pressure values were not significantly different (116 (SE 3 ) and 62 (SE 3) mmHg respectively before the liquid meal, 113 (SE 4) and 62 (SE 2)mmHg respectively before the solid meal). There were no significant changes in blood pressure after either meal (results not shown). Baseline FBF was slightly higher before the solid than the liquid test meal (2.5 (SE 0.41), 2.3 (SE 0.32) m1/100 ml per min), although the values were not significantly different. The mean overall FBF responses were significantly different between the solid and the liquid meals (P<O.OOOl, meal effect, ANOVA), with a mean increase of 0.70 (SE 0.33) m1/100 ml per min over the 2 h after the liquid test meal, and a mean fall of -0.28 (SE 0~16)ml/100ml per min after the solid test meal. Furthermore, using one-way ANOVA to assess the responses following the individual meal types separately showed a significant fall over time after the solid meal (P < 0.0001) and a rise after the liquid meal (P < 0.0001).
Blood glucose and serum insulin concentrations (Fig. 3 )
Baseline blood glucose concentrations were similar on the two occasions (4.6 (SE 0.1 1) mmol/ 1, before the liquid, and 4.6 (SE O.O7)mmol/l before the solid test meal). Blood glucose concentrations increased significantly after solid and liquid test meal ingestion (time effect, P < O.OOOl), and the mean response over 2 h was greater after the solid test meal (1.59 (SE 0.47) mmol/l) than the liquid test meal (1.14 (SE 0.36) mmol/l, P < 0.05, meal effect). solid test meals (P<O.OOOl) , and the increase was significantly greater after the solid meal ( P =0.001). RER increased significantly after both test meals ( P i 0.0001) and the increases were not significantly different.
Baseline serum insulin concentrations were not different Discussion at the two visits (9.7 (SE 1.5)mU/1 before the liquid test meal, 10.1 (SE 1.4) mU/1 before the solid test meal). Serum insulin concentration increased significantly after the liquid and solid test meals (time effect, P < O.OOOl), and the mean response over the 2 h period was significantly higher after the solid test meal ( + 61 (SE 16) mU/1) than following the liquid test meal (39 (SE 12) mU/1, P < 0.001, meal effect). (Fig. 4 and 0-05 (SE 0.07) nmol/l respectively). However, these changes were not significant and there were no differences between liquid and solid test meals.
Plasma adrenaline and noradrenaline concentrations
This study assessed the metabolic and cardiovascular responses to either a high-carbohydrate mixed nutrient liquid meal or an isoenergetic solid test meal. MR increases after ingestion of solid meals and drinks, but the responses are affected by meal composition (in particular the macronutrient content), nutritional status, age, race, hormone levels and insulin resistance (Macdonald, 1984; Kinabo & Durnin, 1990 Tataranni et al. 1995) . Food with a high energy density has a prolonged gastric emptying time (Hunt, 1980) , which may delay the MR response, and prolonged measurements would be needed. Furthermore, meals with a high energy content have prolonged effects, requiring long periods of measurements (Reed & Hill, 1996) . Therefore, the present study compared the responses to high-carbohydrate mixed nutrient solid and liquid meals in healthy men, avoiding the effects of sex and body composition. The meal size was restricted to 2.1 MJ to limit the duration of the overall responses. It is acknowledged that the 2 h postprandial period is insufficient to determine the complete responses to the nutrients, but it is likely that the majority of the responses will have been observed in this time. Nevertheless, having observed the differences in response to liquid and solid meals in the first 2 h it would be of interest to conduct further studies over longer time periods to determine the overall magnitude of these differences.
The macronutrient content of the ingested food affects the MR response (Macdonald, 1984; Tappy & Jequier, 1993) . Macdonald (1984) reported that the MR response to glucose (0.54 (SE 0.05)kJ/min) is lower than that to sucrose (i.e. when half of the energy content is from fructose, 0.90 (SE 0.05)kJ/min). In the present study, the MR response was greater following the solid meal; however, the fructose contents of the solid test meal (9.7 g) and the liquid test meal (6.5 g), estimated according to information from the manufacturer, were similar. RER increased by similar amounts on both occasions and the peak RFiR was less than 0.95, indicating no net lipogenesis with either liquid or solid test meal. The different MR responses to the liquid and solid test meals may be due to differences in gastric emptying, digestibility and absorp-tion. As liquids empty faster than solids from the stomach (Carbonnel et al. 1994) , it would be expected that the liquid test meal would have been absorbed more easily and faster than the solid meal, and would then produce higher gtycaemic and insulinaemic responses. However, in the present study, MR response, and blood glucose and plasma insulin concentrations were significantly higher after the solid meal. This may be because the liquid test meal used in the present study was hypertonic, leading to a slight delay in gastric emptying (McHugh & Moran, 1979) . We were unable to measure the osmolarity of the drink, but it is likely that it was approximately 500 mosmol/l as half of the carbohydrate came from Polycal (which has an osmolarity of 900) and the remainder from the disaccharides in the milk and 'Build-up', which were present in a concentration of approximately 100 g/1 (i.e. approximately isotonic). Another possible factor was that the initial increases in plasma insulin and glucose concentration after the liquid test meal were missed, although this is not supported by the literature. Sidery et al. (1990) reported that peak increases of plasma insulin and blood glucose concentrations occurred between 40 and 60min after glucose drink ingestion and Gallen & Macdonald (1 990) reported that insulin and glucose concentrations reached a peak between 40 and 60 min after a mixed nutrient drink. Therefore, from these studies, it is unlikely that an early peak increase in plasma insulin and glucose concentrations was missed in the present study. It is not possible from the present results to explain why the insulin and glucose concentrations were greater after the solid meal, but it is possible that the glucose polymer in the liquid meal was less rapidly digested, i.e. had a lower glycaemic index, than the starch in the bread and cereal. It would be of interest to study this further by assessing rates of gastric emptying and glucose absorption after the two types of test meal, to establish the relationship between nutrient delivery and metabolic and cardiovascular responses. The increase in MR following glucose ingestion is associated with a rise in plasma noradrenaline and adrenaline concentrations (Welle et al. 1981) , which is interpreted as indicating a stimulation of sympathetic nervous system activity. In the present study plasma noradrenaline tended to increase more after the solid test meal than the liquid test meal, whereas adrenaline tended to decrease. However, these changes in catecholamines were not significant, thus there was no evidence of sympathetic nervous system activation. Such sympathetic activation has previously been thought to be responsible for stimulating a facultative thermogenic component of the MR response to nutrient ingestion (Simonsen et al. 1990 ), in which case there is no evidence of such thermogenesis occurring in the present study. Thus, the greater MR response after the solid meal is likely to be due to the higher obligatory energy cost of digesting the cereal and bread (complex carbohydrate v. simple sugars and oligosaccharide), compared with the costs of processing the liquid meal.
In the present study, HR increased following the two meals, supporting previous observations (Sidery er al. 1990; Waaler et al. 1990; . The increase in HR is likely to be associated with an increase in cardiac output (Qamar et al. 1985; Fagan ef al. 1986; Sidery et al. 1991; Host et al. 1996) , which appears necessary to sustain the higher gut blood flow after a meal . The mechanism of this cardiac response to food is not established, but it is possible that the increased gut blood flow may have caused transient hypotension, which would lead to either an increase in cardiac sympathetic or a decrease in cardiac parasympathetic nervous activity, thus increasing HR. As there were no differences in the plasma catecholamine levels between the two occasions, it is likely that the greater HR response after the solid meal was due to autonomic nervous effects on the heart. However, plasma insulin increased more after the solid meal in the present study, and insulin is known to increase cardiac muscle contractility and HR, although this has only been observed at a high plasma insulin concentration. This might contribute to the differences in the HR response either indirectly via stimulation of the sympathetic nervous system, or directly due to an effect of insulin on the myocardium (Kearney et al. 1996) . Food ingestion alters regional blood flow, either due to effects of the sympathetic nervous system or by vascular actions of insulin. FBF decreased after ingestion of solid meals in both elderly and young subjects (Sidery et al. 1993 ; , whilst after ingestion of a drink, FBF and calf blood flow were increased (Mansell & Macdonald, 1988; . Consistent with these earlier observations, the present study showed that FBF increased following the liquid test meal, and decreased after the solid test meal. A fall in FBF in the early postprandial period would contribute to the maintenance of blood pressure, by redistributing the cardiac output towards the gastrointestinal tract. Thus, in the present study the response to the solid meal is consistent with this. The absence of any fall in FBF after the liquid test meal is interesting, and rather more difficult to explain. The fact that this was associated with a smaller HR response than after the solid meal, and did not produce a fall in blood pressure, implies that the increase in gastrointestinal blood flow is likely to have been smaller after the liquid test meal. Thus, it is likely that there was a lesser degree of sympathetic vasoconstrictor activity after the liquid test meal, but further studies are needed to examine this possibility, and in particular to assess the influence of meal type of gastrointestinal blood flow responses.
In conclusion, the present study showed that there were significant differences in MR and some cardiovascular responses to liquid and solid test meals. The increased MR response to the solid meal was not associated with any evidence of generalized sympathetic nervous system activation, and appears to be due to obligatory thermogenesis. Consistent with this is the likelihood that the solid meal required a greater intestinal haemodynamic response. Further studies are needed to identify the mechanisms underlying the different responses to solid and liquid food. It is clear from the present study that using liquid test meals may produce misleading physiological responses compared with those seen in normal life with solid food.
